[1] Skeletal oxygen isotope ratios in Holocene Porites corals from northern Papua New Guinea record decreases in sea surface temperature (SST) and rainfall during El Niño events. Threshold analysis of seven fossil coral d
Introduction
[2] Model results for the early-middle Holocene (11 -4 ka) suggest that ocean-atmosphere feedbacks in response to changes in the Earth's orbital parameters increase the east-west SST gradient across the Pacific, leading to suppression of El Niño events [Clement et al., 2000 ]. This conclusion is broadly supported by a variety of paleo-data from the tropical Pacific region [Shulmeister and Lees, 1995; Rodbell et al., 1999; Sandweiss et al., 2001; Tudhope et al., 2001; Moy et al., 2002; Woodroffe et al., 2003] . However, the magnitudes of changes in reconstructed and modeled El Niño-Southern Oscillation (ENSO) events differ significantly . For example, the coupled ocean-atmosphere response to El Niño recorded by skeletal oxygen isotope ratios (d 18 O) in fossil corals is larger than the modeled changes in El Niño SST anomalies [Clement et al., 2000; Liu et al., 2000; Woodroffe et al., 2003] . Fossil coral records of ENSO are still rare, however, and additional reconstructions are necessary to understand the processes controlling the Holocene ENSO, and proxymodel discrepancies.
[3] Here, we use eight annually-resolved fossil coral d 18 O records from northern Papua New Guinea (PNG), near the core of the ENSO-sensitive Western Pacific Warm Pool, to investigate paleo-ENSO events during the middle to late Holocene. The fossil Porites used in this study were sampled during Leg 6b (May -June 1998) of Project TROPICS (Tropical River-Ocean Processes In Coastal Settings). A significant advantage of the multiple coral cores is that uncertainties in the paleo-ENSO reconstructions can be quantified.
Methods
[4] Fossil corals were drilled along their major growth axes in growth position from uplifted reefs on Koil Island and Muschu Island, offshore of the Sepik River, northern PNG (auxiliary Figure 1   1 ). Analogous modern corals were drilled from nearby reefs. Fossil corals were screened for diagenesis using X-ray diffraction and petrographic analysis [McGregor and Gagan, 2003] . Eight mid-late Holocene fossil corals were selected for study due to their well preserved state. Uranium-series ages of these corals were determined by isotope dilution thermal ionisation mass spectrometry, with fossil coral initial d 234 U constrained to 146-150%. The average error on the uranium-series ages is ±90 yr (2s; see auxiliary Table 1   1 ).
[5] Annual growth increments were milled from the modern and fossil corals, with divisions between climatological years defined by the transition from high to low density bands ($January), as shown by coral X-rays [McGregor, 2003] [Gagan et al., 1998 ], while the GOSTA SST range is only 1°C (Figure 1 [Tourre and White, 1997] and reduced runoff from the nearby Sepik River, which responds to ENSO-induced droughts in the PNG highlands [Ayliffe et al., 2004] .
[8] We tested the ability of Muschu coral d 
Mid-Holocene ENSO Variability
[9] The fossil coral records were grouped into three periods, 7.6-7.1 ka, 6.1 -5.4 ka and 2 ka, thus improving the statistical significance of the number of El Niño events identified for each period. We then applied a coral d O data from Madang and Huon Peninsula, PNG also shows reduced El Niño frequency (6 events/century) at 6.5 ka, consistent with earlier interpretations of these data [Tudhope et al., 2001] . The emerging picture of reduced El Niño frequency for the mid-Holocene western Pacific is consistent with the paleo-ENSO record from storm deposits in lake Laguna Pallcacocha, Ecuador [Rodbell et al., 1999; Moy et al., 2002] , and recent model studies [Clement et al., 2000; Liu et al., 2000] .
[11] Coupled ocean-atmosphere model studies of the Holocene suggest that El Niño variability has steadily increased from the mid-Holocene to the present [Clement et al., 2000; Liu et al., 2000] . Clement et al. [2000] attribute the lower mid-Holocene variability to precession of the Earth's equinoxes and the timing of equatorial ocean heating, such that equatorial Pacific trade winds strengthen during the austral spring, providing a negative feedback on El Niño development. Liu et al. [2000] suggest that reduced El Niño intensity is caused by: (1) strengthening of the Asian summer monsoon and Pacific trade winds, and (2) weakening of the equatorial thermocline through subduction of warm southern subtropical water. While the coral evidence cannot resolve which model processes are causing the reduced El Niño frequency, they further confirm the model findings.
El Niñ o Amplitude
[12] We also estimated changes in El Niño amplitude from the annual coral d
18 O records. To facilitate comparison with modern events, El Niño amplitudes exceeding the moderate event threshold of 0.12% in d
18 O were averaged for each of the three Holocene periods (7.6 -7.1 ka, 6.1-5.4 ka, 2 ka) and expressed as a percentage relative to the 1950-1997 event average (Figure 4b) [Woodroffe et al., 2003] , were also included as a proxy for El Niño amplitude for the periods 3.7 -2.7 ka and 1.7 ka.
[13] The coral d
18
O records show consistently reduced El Niño amplitude for the middle to late Holocene, except at 2.5-1.7 ka (Figure 4b ). El Niño amplitude at Muschu Island is reduced to 85 ± 12% of modern values at 7.6-7.1 ka. The reduction in El Niño amplitude for the period 6.1 -5.4 ka is the same (within error), while the Tudhope et al. [2001] record yields an average amplitude of 80% modern at 6.5 ka. El Niño amplitudes of 70-80% of modern are indicated for the period 3.7-2.7 ka. All records considered, the reduction in El Niño amplitude for the mid-Holocene is somewhat greater than the reduction to 90-95% of modern values given by the Clement et al. [2000] and Liu et al. [2000] models.
[14] All of the coral records for 2.5-1.7 ka reveal large and protracted d
18 O anomalies indicative of particularly severe El Niño events ( Figure 5 ). The 2.5 ka Madang PNG coral records a protracted 4-year El Niño, like the 1991-1994 event, but almost twice the amplitude of 1997- 1998 event [Tudhope et al., 2001] . The 2 ka Muschu Island coral d
O record shows a severe 7-year El Niño, longer than any recorded Holocene or modern event. Moreover, the 1.7 ka Porites microatoll of Woodroffe et al. [2003] also records an extreme El Niño that was twice the amplitude of the 1997 -1998 event. This is an interesting result as the three anomalously El Niño events are observed in an analysis spanning only $70 years, which is much shorter than the modern instrumental record of ENSO. Given that these events are recorded by corals from widely separated Pacific locations, the results suggest that anomalous El Niño events may have been common during the period 2.5-1.7 ka. Moreover, the El Niño events recorded by the western and central equatorial Pacific corals for 2.5-1.7 ka exceed, by far, the modest ($5%) increase in El Niño amplitude given by models.
Model-Coral Proxy Discrepancies
[15] The model-proxy discrepancies for the mid-Holocene El Niño suppression and late Holocene amplification indicate a non-linear atmospheric response to El Niño SST changes. The PNG coral d
18
O clearly records El Niño-induced changes in both SST and rainfall amount (d 18 O w ) in the equatorial western Pacific (Figure 1) . If the atmosphere simply responded linearly to changes in El Niño SST forcing, then the percentage change in event amplitude (relative to modern) should be the same for the models and corals. This is clearly not the case.
[16] Strong El Niño precipitation anomalies in the central equatorial Pacific at $2 ka have been attributed to tighter coupling between the Southern Oscillation and the Intertropical Convergence Zone (ITCZ) [Woodroffe et al., 2003 ], which appears to have migrated southwards during the last $7,000 years. The freshening of Warm Pool surface water since the mid-Holocene, as indicated by coupled measurements of Mg/Ca and d
18 O in surface-dwelling foraminifera [Stott et al., 2002] , and Sr/Ca and d
O in corals [Gagan et al., 1998; McGregor, 2003] , could also be related to a late Holocene increase in ITCZ precipitation. The late Holocene freshening and resulting increase in the buoyancy of the Warm Pool could have facilitated the eastward migration of warm surface waters triggered by westerly wind bursts, as occurs during strong El Niño events today [McPhaden, 1999; Picaut et al., 2002] . The likelihood of westerly wind anomalies should have been at a maximum at $2 ka because precession of the Earth's equinoxes was such that equatorial ocean heating opposed the development of SST gradients driving the Pacific trade winds during austral spring, thus allowing El Niño events to develop.
[17] Our results show that the ENSO system has the potential for more extreme variability than that observed in the modern instrumental record. The reduced El Niño frequency and amplitude during the mid-Holocene, and a shift to strong El Niño events at $2.5-1.7 ka, is similar to the pattern observed in modeling and paleo-lake studies. However, the coral records for $2.5-1.7 ka show evidence for El Niño events more severe than the 1997-1998 event, and longer than the multi-year 1991 -1994 event. Therefore, while our results indicate that model studies have captured the main processes controlling the evolution of the Holocene El Niño, clearly other processes must be considered to explain the non-linear response of the coupled oceanatmosphere system.
